1. VLD (very-low-density), LD (low-density) and HD (high-density) 
1. VLD (very-low-density), LD (low-density) and HD (high-density) lipoproteins were isolated from the serum of trout (Salmo gairdneri Richardson). 2. Each lipoprotein class resembled that of the human in immunological reactivity, electrophoretic behaviour and appearance in the electron microscope. Trout LD lipoprotein, however, was of greater density than human LD lipoprotein. 3. The trout lipoproteins have lipid compositions which are similar to those of the corresponding human components, except for their high contents of long-chain unsaturated fatty acids. 4 . HD and LD lipoproteins were immunologically non-identical, whereas LD lipoproteins possessed antigenic determinants in common with VLD lipoproteins. 5. VLD and HD lipoproteins each contained at least seven different apoproteins, whereas LD lipoprotein was composed largely of a single apoprotein which resembled human apolipoprotein B. 6. At least one, and possibly three, apoproteins were common to both VLD and HD lipoproteins. The major apoprotein of trout HD lipoprotein showed features which resemble human apoprotein A-1. 7. The broad similarity between the trout and human lipoprotein systems suggests that both arose from common ancestral genes early in evolutionary history.
Studies on the structure and metabolism of serum lipoproteins have been made predominantly on the human (Eisenberg & Levy, 1975; Scanu et al., 1975) and rat (Bersot etal., 1970; Koga et al., 1971) , though a number of other mammalian species have also been investigated (see Scanu et al., 1975) . Few detailed reports, however, have been made on the lipoproteins of non-mammalian species. Because of their more primitive evolutionary status and their special environmental situation, fish may have lipoproteins with features whose study might be of value in elucidating the processes involved in lipid transport in general.
The serum lipoproteins of several species of fish have been shown to consist of density classes which broadly resemble those of mammalian lipoproteins, yet they possess significant differences in their lipid moieties (Lauter et al., 1968 ; Lee & Puppione, 1972; Mills et al., 1977) . Although the HD lipoproteins of the cod (Skinner, 1973) and the salmon (Nelson & Shore, 1974) have been reported to have polypeptide compositions that resemble those of their human Abbreviations used: VLD, LD and HD lipoproteins; very-low-density, low-density and high-density lipoproteins respectively, of densities as defined in the text. SI and F.2o are flotation rates expressed in Svedbergs All other reagents and solvents were of analytical grade, purchased from BDH, Poole, Dorset, U.K. Aqueous solutions of urea were deionized immediately before use by passage through a mixed-bed ion-exchange resin [AG501-X8(D); Bio-Rad, Richmond, CA, U.S.A.].
Fish
Commercially farmed male trout (Salmo gairdneri Richardson) (1.0-1.6kg) obtained from local fish farms were maintained in aerated fresh water at 10°C for 1-3 days before bleeding. The fish were offered standard fish pellets. Blood, removed from the caudal vein by means of a syringe, was allowed to clot at ambient temperature for 2-3 h. Serum was isolated by centrifugation at 1500g for 10min at 10°C and recentrifuged under the same conditions. Lipoprotein fractionation was started without delay. Serum from three to ten fish was pooled for the isolation of lipoproteins, except for experiments on the distribution of lipoproteins, in which case sera from individual trout were treated separately. For studies on the lipid composition of VLD lipoprotein, male fish were anaesthetized in fresh water containing 0.04% of M.S. 222 and injected intramuscularly with oestradiol-17fi 3-benzoate (2mg/kg body wt.). The fish were allowed to recover in aerated fresh water before they were returned to the holding tank. After 7 days the fish were bled and the serum was prepared as described above.
Preparation of lipoproteins
Lipoproteins were prepared as follows by flotation at densities which were selected to yield pure products as judged by electrophoresis and immunodiffusion. All NaBr solutions contained 0.01 % EDTA and densities were routinely measured at 20°C by pycnometry. No attempt was made to remove chylomicrons, if present, because of the small amount of material of d< 1.020.
Batches (10.4ml) of serum (the density of which measured 1.020g/ml) were centrifuged in 7.62cmx 1.58cm polyallomer tubes in the Spinco model L-2 preparative ultracentrifuge in the type 40 rotor, for 18h at 105400g (40000rev./min) and at 10°C. The top 1 ml, containing VLD lipoprotein, was removed from each tube with the aid of a Beckman tube slicer. A second slicing was made at a point 2.8cm from the top of the tube, and the middle fraction (approx. 5ml) was discarded. The bottom fraction (approx. 4.4ml) was mixed with an equal volume of NaBr solution of density 1.167g/ml to give a solution density of 1.096g/ml, and NaBr solution of this density was added to restore the volume to that of the original serum. A small gelatinous pellet that was present in most experiments was suspended in the bottom fraction before adjusting the density. After centrifugation under the same conditions, the tube was sliced twice as previously. The upper 0.5ml contained LD lipoprotein and the middle fraction was again discarded. The bottom fraction was adjusted to a density of 1.210g/ml by addition of an equal volume of NaBr solution of density 1.326g/ml and, after being made up to a volume of 10.4ml with NaBr solution of density 1.210g/ml, was centrifuged for 42h at 105 400g (40000rev./min). The HD lipoprotein was recovered in the top 0.5ml. The VLD lipoprotein and HD lipoprotein fractions were washed once by a second centrifugation in NaBr for 18 h at densities 1.020 and 1 .210g/ml respectively, and the LD lipoprotein was re-centrifuged at density 1.085g/ml to remove any traces of HD lipoprotein.
To obtain quantitative yields of lipoproteins for determination of their distribution, the centrifuge tubes were sliced at only one point, approx. 2.5cm from the top of the tube, after each centrifugation. The entire lower layer was adjusted to the appropriate density in the manner described, and the upper layer was analysed for lipoprotein without further washing.
For the isolation of total lipoproteins for the scanning of polyacrylamide gels, the density of serum was adjusted to 1.215g/ml by the addition of an appropriate volume of NaBr solution of density 1.326g/ml and centrifuged as described above for 42h at 40000rev./min at 10°C.
Delipidization procedures
Lipoprotein fractions, after dialysis at 5°C against 0.15 M-NaCl/I mM-EDTA, pH 8.0, were injected into 50vol. of ethanol/ether [3:1 (v/v) for VLD lipoprotein and LD lipoprotein, and 3:2 (v/v) for HD lipoprotein] at -10°C (Scanu & Edelstein, 1971) . After standing for 2h at -10°C, the delipidized proteins were centrifuged for 10min at 2000g and the pellets washed six times with ether. The first two supernatants were pooled and the resultant precipitate was combined with the main pellet for subsequent ether washes . Apoproteins were stored at -20°C until used.
Electrophoresis
Agarose-gel electrophoresis was carried out by a procedure based on that of Bodman (1960) . Agarose-(0.7g/lOOml) in veronal buffer, pH8.6 (8.3mM-diethylbarbituric acid/41.6mM-sodium diethylbarbiturate) was heated until molten and 6ml volumes were pipetted on to glass slides (SOmmx75mm). Polyacrylamide-gel electrophoresis of lipoproteins was performed by using the system described by Davis (1964) . Gels were made up of separating gel (of length 5.5 cm) containing 3.75 % (w/v) acrylamide at pH 8.9 overlaid with a spacer gel (of length 1 cm) containing 2.5 % (w/v) acrylamide at pH6.8. Samples of serum or lipoproteins (after dialysis against 0.9 % NaCl to remove NaBr) were (Gustafson et al., 1965) and the lipid classes fractionated on columns (8mmx 140mm) containing approx. 1.8g of silicic acid by a modification of the method of Lis et al. (1961) . A total of 10-20mg oflipid was applied to columns through which were passed 15ml volumes of 1.5, 8.0 and 55% (v/v) For fatty acid analyses, the lipids were extracted from lipoprotein fractions by the method of Bligh & Dyer (1959) as modified by Allen et al. (1966) . The lipid samples were transmethylated by the procedure of Hornstein et al. (1967) and the methyl esters separated as described by Cowey et al. (1976) by g.l.c. on columns containing EGSS-X and EGSS-Y (co-polymers of ethylene glycol succinate with a methyl silicone to provide phases of high and medium polarity respectively; Applied Science Laboratories Inc., State College, PA, U.S.A.). Identification of fatty acids was based on published values for retention times and comparison with known standards. After initial calibration with a wide range of standards and mixtures (Applied Science Laboratories), routine checks on retention times were made with mixtures of C18:1 and C22:4, ,6 acids.
Protein was determined by the method of Lowry et al. (1951) as modified by Miller (1959) , with bovine serum albumin as standard.
Gel filtration
Samples of apo-(HD lipoprotein) and of apo-(LD lipoprotein), containing 20-30mg of protein in 3ml of eluting buffer, were applied to columns (2.2 cmx 90cm) of Sephadex G-200 (Pharmacia Fine Chemicals, Uppsala, Sweden), and eluted with 0.01 M-Tris/ HC1 (pH 8.6)/1 mM-EDTA/8 M-urea . The column effluent was continuously monitored on a LKB Uvicord 11 at 280nm and the A280 of individual fractions was also read with a Unicam SP.500 spectrophotometer. Appropriate fractions were pooled and concentrated by ultrafiltration by dialysis against 0.15M-NaCl.
Amino acid analysis
Apoproteins were hydrolysed in evacuated tubes with 0.5ml of 5.5 M-HCI at 1 10°C for 20, 48 and 72h. Quantitative analyses were performed on a single column (0.3cmx 100cm), eluted by an 8h cycle of stepwise buffer changes, using the Locarte amino acid analyser (The Locarte Co., London W12 9RT, U.K. On polyacrylamide gels, the d< 1.020 fraction routinely showed a single band that penetrated only a short distance into the separating gel, with some material migrating a short distance ahead of it (Fig. 2) . In some preparations, a second band, which stained for both protein and lipid, was also present at the junction of the spacer and separating gels. Subsequent observations suggested that this band represents chylomicrons. When an unstained gel was embedded in agar and a parallel channel subsequently cut and filled with anti-(VLD lipoprotein), each component reacted to give a single precipitation line, the two lines fusing to give a reaction of identity (Fig. 3) . Polyacrylamide-gel electrophoresis of the fraction floating at d 1.020-1.085 showed the presence of two diffuse bands migrating close to each other, with a small amount of an additional component of slower mobility. Storage of the sample at -20°C or overloading of the gel resulted in the appearance of aggregated material at the origin and a failure to resolve the two major components. The two major components gave single precipitin arcs on reaction with anti-(LD lipoprotein), and a reaction of identity was shown to occur between them (Fig. 3) . The d 1.096-1.21 fraction showed a sharp intense band at the position ofthe buffer front, together with a slower, more diffuse band; trailing material which stained for both protein and lipid was also present. Reaction patterns obtained (Fig. 5) were entirely consistent with those obtained by using specific antisera and confirmed that an effective separation had been achieved by centrifugation at the densities selected.
Ultracentrifugal analysis
The three lipoprotein fractions were examined in the analytical ultracentrifuge to determine their degree of homogeneity and flotation characteristics (Fig. 6) (Forte & Nichols, 1972 Delipidization of trout lipoproteins with ethanol/ ether mixtures yielded products with differing solubility properties. Apo-(HD lipoprotein) was readily soluble in 0.9 % NaCl when freshly prepared, though its solubility decreased on storage, whereas apo-(VLD lipoprotein) and apo-(LD lipoprotein) were insoluble in this solution. Apo-(VLD lipoprotein) dissolved readily in solutions containing 8M-urea, whereas apo-(LD lipoprotein) was incompletely soluble. These observations would suggest that the trout has a protein corresponding to apolipoprotein B, which is not very soluble in urea solutions.
Polyacrylamide-gel electrophoresis in 8M-urea of apo-(VLDlipoprotein)showedsevenbandsdesignated V-1 to V-7, of RF 0.24, 0.36, 0.40, 0.44, 0.50, 0.66 (Fig. 7) . Components V-1, V-4, V-6 and V-7 were present in greatest concentrations, whereas only a trace of component V-5 was observed. Apo-(LD lipoprotein) gave which remained at the origin. At least eight bands were routinely observed for apo-(HD lipoprotein); a rather diffuse band, H-0 (RF 0.1-0.2), was shown to comprise aggregated material. Of bands H-1 to with RF values of 0.29, 0.33, 0.36, 0.48, 0.60, 0.66 and 0.86 respectively, components H-1 and H-3 formed the main bulk of apo-(HD lipoprotein), whereas the others were present in relatively low concentrations. Additional bands of fast mobility were observed in some preparations, and may represent polymorphic forms of the components shown in Fig. 7 . 0.66 and 0.86 as components V-2, V-5 and V-7 of apo-(VLD lipoprotein).
The identity of band H-3 of apo-(HD lipoprotein) with band V-2 of apo-(VLD lipoprotein) was further suggested by immunodiffusion in the following manner: segments, approx. 2.0mm wide, containing these bands were cut from unstained polyacrylamide gels after electrophoresis of apo-(HD lipoprotein) and apo-(VLD lipoprotein). The location of these bands was made by a combination of scanning and RF determinations. The two segments were inserted into preformed wells cut in an agar plate and adjacent wells filled with rabbit anti-[apo-(HD lipoprotein)] and anti-[apo-(VLD lipoprotein)]. The precipitin arcs which formed from the two segments with anti-[apo-(HD lipoprotein)] showed a clear reaction of identity (Fig. 8) . The failure of the anti-[apo-(VLD lipoprotein)] to produce a similar pattern was probably a result of the weak titre of this antibody. Control discs taken from blank regions of the gel failed to produce precipitin arcs.
Gel filtration of apo-(HD lipoprotein) on Sephadex G-200 equilibrated with 0.01 M-Tris/HCl buffer (pH 8.6)/8 M-urea/l mM-EDTA gave an elution profile which showed three main peaks (Fig. 9) . The eluted volume was, however, divided into six fractions for electrophoretic examination (Fig. 10) , to facilitate identification of the bands. composed largely of aggregated apoproteins (band H-O), together with a small amount of H-1. Fraction II, taken from the top of the second peak, contained component H-1. Component H-6 was eluted along with H-1, in fraction III at the tail of the second peak, whereas components H-3 to H-5 were eluted in fraction V, which comprised the bulk of the third peak. The intermediate fraction (fraction IV) contained a trace of component H-1 in addition to the components in fraction V, confirming that component H-1 had been effectively resolved from the other components. Band H-7 appeared only in fraction VI.
Apo-(LD lipoprotein) was eluted from Sephadex G-200 as a single peak with some trailing material (Fig. 9b) . Electrophoretic analysis (Fig. 10) revealed that the leading front ofthe peak (fraction I) contained the minor electrophoretic component (RF 0.10) and aggregated material which remained at the origin. The major electrophoretic band (RF 0.24) was confined to fraction II, taken from the following edge of Fig. 9 were examined by gel electrophoresis in the presence of 8 M-urea, by using the system described under Fig. 7 . component and aggregate. No electrophoretic bands were detected with material pooled from fraction III.
Insufficient apo-(VLD lipoprotein) was available to permit fractionation by gel filtration.
Amino acid analysis
The amino acid composition of trout VLD, LD and HD lipoproteins (Table 4) and V; Fig. 9 ) have essentially different amino acid compositions though the contents of some residues (e.g. alanine and leucine) are very comparable (Table 5) .
Discussion
In the present study, the serum lipoproteins of the trout are shown to be composed of VLD, LD and HD lipoprotein particles, which broadly resemble those of other terrestrial and aquatic species. However, the density at which trout LD lipoprotein floats in the ultracentrifuge differs from that which is conventionally used for its isolation from the serum of human and most other species. Whereas the LD and HD lipoproteins of most species are effectively separated at d 1.063, where the former floats and the latter sediments, trout LD lipoprotein consists of denser particles that completely float only at the higher density of 1.085. After centrifugation (under the conditions described) of trout serum at d 1.063, the LD lipoproteins were found, in fact, to be distributed over the upper 7.Oml volume of the centrifuge tube, whereas at d 1.085 the HD lipoproteins remained in the lower 3.4ml volume and completely floated only at densities greater than 1.20g/ml (E. R. Skinner & A. Rogie, unpublished observations). In respect of its higher density, the LD lipoprotein of the trout resembles that of the cod (Skinner, 1973) and the guinea pig (Chapman et al., 1975) .
Each of the trout lipoprotein classes isolated by this procedure was shown to be free from conVol. 173 Table 5 . Amino acid composition of apoproteins of trout HD lipoprotein Fractions I, II and V refer to those obtained by gel filtration on Sephadex G-200 in the presence of 8M-urea as described in the text and indicated in Fig. 9 . Values are expressed as mol of each amino acid/100mol of amino acid recovered and are the averages from three different times of hydrolysis (20, 48 and 72h) , those for serine and threonine being corrected by extrapolation to zero time. The data for salmon DEAE-cellulose fraction 3 are from Nelson & Shore (1974) and represent the composition of the DEAE-cellulose fraction 3 of salmon HD lipoprotein which may correspond to human apoprotein A-I. The values for human apoprotein A-I are calculated from the primary structure. (Lauter et al., 1968) and sardine (Lee & Puppione, 1972) lipoproteins have been determined and, in addition, the apoprotein composition of the shark, Centrophorus squamosus, has been investigated (Mills et al., 1977) . In these investigations lipoprotein fractions, isolated by flotation at densities that are conventionally used for the preparation of human lipoproteins, were shown to contain multiple apoprotein bands on electrophoresis in urea and some of the components were partially characterized. Although the HD lipoprotein of cod (Skinner, 1973) and pre-spawning salmon (Nelson & Shore, 1974) have been characterized with respect to both their lipid and apoprotein constituents, no information has hitherto been available on the composition and interrelationship of all three major lipoprotein classes of any fish species.
The VLD lipoprotein fraction of trout serum, isolated at d 1.020, was shown by electron microscopy to contain a small number of chylomicrons in addition to the VLD lipoprotein particles themselves. Both components showed a marked similarity in appearance and size to those reported for the corresponding human components (Forte & Nichols, 1972) . Analysis of this fraction in the analytical ultracentrifuge gave a possible indication of the presence ofchylomicrons in low concentration during acceleration of the rotor, whereas the VLD lipoprotein pattern suggested a fairly symmetrical distribution of particle size. The S°value of 33.7 was in the upper regions of the range (S,°20-40) reported for human VLD lipoprotein (Scanu, 1972) , suggesting that trout VLD lipoprotein particles are rather larger than those present in most human subjects. Chylomicrons and VLD lipoprotein separated on polyacrylamide gels in a manner characteristic of their human counterparts (Frings et al., 1971) and their immunological identity showed that, as with the human (Kostner & Holasek, 1972) , they have apoproteins in common.
Trout LD lipoprotein consists of particles that are smaller and denser than those isolated from human serum. They varied in diameter from 10 to 20nm, compared with 17-26nm for human LD lipoprotein (Forte & Nichols, 1972) , and in the analytical ultracentrifuge resolved into two components of F1.20 18.3 and 14.7. Although the pattern resembles that reported for normal human subjects, the F?1.20 values were lower than that of the human (Nelson & Morris, 1977) . The presence oftwo major components was confirmed by analysis on polyacrylamide gels, which revealed an additional minor component. The behaviour of the two major components on polyacrylamide-gel electrophoresis and the observation that they contain common antigenic determinants is analogous to that of human lipoproteins LD 1 and LD 2, both ofwhich contain apolipoprotein B (Alaupovic et al., 1972) .
The HD lipoprotein of trout serum appeared as uniform particles of approx. Snm diameter in the electron microscope, and in the analytical ultracentrifuge gave a major peak that was fairly symmetrical, together with a second minor component. However, a combination of electrophoretic and immunological methods revealed the presence of three sub-species, resembling the situation in the human (Alaupovic et al., 1972) ; the major components appear to correspond to human HD lipoproteins 2 and 3. The proportions of these two components were found to vary in different preparations and in different samples of fresh serum, suggesting that they may be present in this state in the fish and are not artifacts produced during the isolation procedure.
The distribution of lipoprotein classes varies enormously in different species and is probably a reflection of different rates of metabolic activity. This is particularly noticeable in fish, where in Centrophorus VLD lipoprotein forms the major constituent (Mills et al., 1977) , whereas prespawning salmon contain only HD lipoprotein (Nelson & Shore, 1974) . The trout provides a good model for lipoprotein investigations, since significant amounts of all three lipoprotein classes are present, although HD lipoprotein is the dominant species.
The metabolic processes associated with the transport and deposition of lipids in the human and rat are now fairly well understood (Eisenberg & Levy, 1975) and it is of interest to know whether similar processes occur in fish. Inferences may be obtained from a knowledge of the distribution of apoproteins between the different lipoprotein classes.
The patterns obtained on electrophoresis in 8M-urea of the delipidized apolipoproteins show a resemblance-to those obtained with the human (Scanu, 1972 . Clearly a proper assignment of these components must await detailed analysis of the isolated apoproteins, but it is noteworthy that apoprotein H-3 of trout apo-(HD lipoprotein) migrates in the same position as apoprotein V-2 of trout apo-(VLD lipoprotein) and when sections of polyacrylamide gels containing these bands reacted with anti-[apo-(HD lipoprotein)] a reaction of identity was obtained. Some of the faster-migrating components of trout apo-(HD lipoprotein) which were eluted in fractions V and VI on gel filtration and correspond in some cases to components present in apo-(VLD lipoprotein) may represent counterparts to the human C apolipoproteins.
The amino acid composition of fraction II of trout apo-(HD lipoprotein), which contains essentially pure apoprotein H-I (Fig. 10) , is remarkably similar to that reported by Nelson & Shore (1974) for one of the major apoproteins of salmon HD lipoproteins which exhibits the same electrophoretic characteristics as trout apoprotein H-1. These authors showed that salmon apo-(HD lipoprotein) was resolved on DEAE-cellulose columns into six fractions, of which fractions 3 and 4 migrated in the 1978 same position on polyacrylamide-gel electrophoresis and presumably represent polymorphic forms of the apoprotein. Trout apoprotein H-1 therefore appears to correspond to the DEAE-cellulose fraction 3 of salmon apo-(HD lipoprotein) and to apoprotein A-I of human serum. Both the trout and the salmon apoproteins contain considerably smaller amounts of aspartic acid and leucine than does human apoprotein A-I, but both have appreciably greater contents of alanine and isoleucine (see Table 5 ). Trout VLD, LD and HD lipoproteins each contain multiple antigenic determinants. At The close resemblance between the lipoproteins of the trout and human suggests that the serum lipoproteins were evolved early in evolutionary history and that they have been preserved throughout the development of species in a broadly similar form. This finding is in agreement with the commonancestry hypothesis based on a comparison of the sequences of four human apoproteins (Barker & Dayhoff, 1977) . Although the observed differences in the amino acid composition of the individual peptides are to be expected as a result of a series of single point mutations, it may be assumed that the modified proteins have retained their functional specificity. These structures are presumably essential for any organism which depends on lipid as a source of energy. It has been shown by Mills & Taylaur (1971) that members of the reptile and bird classes contain lipoproteins of the same density ranges and which are composed of the same lipid components. Two species of birds are reported to have broadly similar apolipoprotein patterns (Hearn & Bensadoun, 1975; Kelly & Alaupovic, 1976) . Although other teleost fish (Skinner, 1973; Nelson & Shore, 1974) possess structures that are very similar to those of the trout, a report by Mills et al. (1977) on the lipoproteins of Centrophorus squamosus indicates that at least some of the components found in higher animals are also present in the evolutionarily simpler elasmobranchs. Species of
